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• Gravitational waves as probes of strong gravity 

• Dark compact objects 

• Gravitational-wave signatures 

• Detectability of alternative sources



Gravitational-wave detections

Abbott+, arXiv:2010.14527 (2020)

So far the ground-based detectors LIGO and Virgo detected 50 gravitational 
wave candidate events.
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Compact binary coalescences

Abbott+, PRL 116, 061102 (2016)

The signal emitted by the 
coalescence of compact binaries 
is characterized by 3 stages: 

•  Inspiral 

•  Merger 

•  Ringdown
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Compact binary coalescences

Abbott+, PRL 116, 061102 (2016)

The signal emitted by the 
coalescence of compact binaries 
is characterized by 3 stages: 

•  Inspiral 

•  Merger 

•  Ringdown

What is the nature of the  
compact remnant?
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Ringdown stage

The ringdown stage is dominated by the characteristic frequencies of the 
remnant, the so-called quasi-normal modes:
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The ringdown is modeled as a sum of exponentially damped sinusoids:

fGW|ringdown =
!R
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⌧damping = � 1
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Buonanno, CQG 19, 1267-1278 (2002)
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Ringdown detections

The fundamental quasi-normal mode has been observed in the ringdown of 
several gravitational-wave events.

Abbott+, PRL 116, 221101 (2016)

GW150914

The ringdown detections are compatible with Kerr black hole remnants.  
However the characterization of the remnant is still an open problem.

Abbott+, arXiv:2010.14529 (2020)
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Test of the black hole paradigm

Kerr black holes are uniquely determined by 2 parameters: 
• Mass 
• Angular momentum

Carter, PRL 26, 331 (1971)

A test of the no-hair theorem requires the identification of at least 
two quasi-normal mode frequencies in the ringdown.
Dreyer+, CQG 21, 787 (2004)

Louder gravitational wave events and improvements of the detector 
sensitivity will allow to test the black hole paradigm.
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Alternatives to black holes

There is a zoo of theoretical compact objects without horizon which:

• can overcome paradoxes of BHs:
Mazur, Mottola, PNAS (2004)
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Curvature singularity

Hawking information loss

• can form in the presence of dark matter fields

Liebling, Palenzuela, Liv. Rev. Rel. 20, 5 (2017)  



Alternatives to black holes

• are not excluded by GW and electromagnetic observations 

• quantify the existence of horizons

Abbott+, ApJ 896: L44 (2020); Calderón Bustillo+, arXiv: 2009.05376 (2020); EHT, ApJ 875, L5 (2019) 
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There is a zoo of theoretical compact objects without horizon which:

• can overcome paradoxes of BHs:
Mazur, Mottola, PNAS (2004)

Curvature singularity

Hawking information loss

• can form in the presence of dark matter fields

Liebling, Palenzuela, Liv. Rev. Rel. 20, 5 (2017)  



Dark compact objects

• Compactness 
since the radius of 
the object is at 

      

• “Darkness” 
which is related to 
the reflectivity of 
the object     

Black 
hole

gravastar 
wormhole

boson star 
neutron star

Ultracompact 
objects

Compact 
objects

✏
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<latexit sha1_base64="dm62dOIkB+fVCBEUFJGC1Bv3j80=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESHREJ1RBJSRaCiDRB5SYqLzZRNOOZ+tuzVSZPITtFDRIVp+hoJ/wTYuIGGq0cyudnb8SEmLjH06S8srq2vrpY3y5tb2zm5lb79tw9gIaIlQhabrcwtKamihRAXdyAAPfAUdf3KV+Z0HMFaG+hanEXgBH2s5koJjKnVddpec1tlsUKmyGstBF4lbkCop0BxUvvrDUMQBaBSKW9tzWYRewg1KoWBW7scWIi4mfAy9lGoegPWSPO+MHseWY0gjMFQqmovweyPhgbXTwE8nA473dt7LxP+8XoyjSy+ROooRtMgOoVSQH7LCyLQIoENpAJFnyYFKTQU3HBGMpFyIVIzTZsppH+7894ukfVZzWc29qVcb50UzJXJIjsgJcckFaZBr0iQtIogiT+SZvDiPzqvz5rz/jC45xc4B+QPn4xtgZJOL</latexit><latexit sha1_base64="dm62dOIkB+fVCBEUFJGC1Bv3j80=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESHREJ1RBJSRaCiDRB5SYqLzZRNOOZ+tuzVSZPITtFDRIVp+hoJ/wTYuIGGq0cyudnb8SEmLjH06S8srq2vrpY3y5tb2zm5lb79tw9gIaIlQhabrcwtKamihRAXdyAAPfAUdf3KV+Z0HMFaG+hanEXgBH2s5koJjKnVddpec1tlsUKmyGstBF4lbkCop0BxUvvrDUMQBaBSKW9tzWYRewg1KoWBW7scWIi4mfAy9lGoegPWSPO+MHseWY0gjMFQqmovweyPhgbXTwE8nA473dt7LxP+8XoyjSy+ROooRtMgOoVSQH7LCyLQIoENpAJFnyYFKTQU3HBGMpFyIVIzTZsppH+7894ukfVZzWc29qVcb50UzJXJIjsgJcckFaZBr0iQtIogiT+SZvDiPzqvz5rz/jC45xc4B+QPn4xtgZJOL</latexit><latexit sha1_base64="dm62dOIkB+fVCBEUFJGC1Bv3j80=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESHREJ1RBJSRaCiDRB5SYqLzZRNOOZ+tuzVSZPITtFDRIVp+hoJ/wTYuIGGq0cyudnb8SEmLjH06S8srq2vrpY3y5tb2zm5lb79tw9gIaIlQhabrcwtKamihRAXdyAAPfAUdf3KV+Z0HMFaG+hanEXgBH2s5koJjKnVddpec1tlsUKmyGstBF4lbkCop0BxUvvrDUMQBaBSKW9tzWYRewg1KoWBW7scWIi4mfAy9lGoegPWSPO+MHseWY0gjMFQqmovweyPhgbXTwE8nA473dt7LxP+8XoyjSy+ROooRtMgOoVSQH7LCyLQIoENpAJFnyYFKTQU3HBGMpFyIVIzTZsppH+7894ukfVZzWc29qVcb50UzJXJIjsgJcckFaZBr0iQtIogiT+SZvDiPzqvz5rz/jC45xc4B+QPn4xtgZJOL</latexit><latexit sha1_base64="dm62dOIkB+fVCBEUFJGC1Bv3j80=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESHREJ1RBJSRaCiDRB5SYqLzZRNOOZ+tuzVSZPITtFDRIVp+hoJ/wTYuIGGq0cyudnb8SEmLjH06S8srq2vrpY3y5tb2zm5lb79tw9gIaIlQhabrcwtKamihRAXdyAAPfAUdf3KV+Z0HMFaG+hanEXgBH2s5koJjKnVddpec1tlsUKmyGstBF4lbkCop0BxUvvrDUMQBaBSKW9tzWYRewg1KoWBW7scWIi4mfAy9lGoegPWSPO+MHseWY0gjMFQqmovweyPhgbXTwE8nA473dt7LxP+8XoyjSy+ROooRtMgOoVSQH7LCyLQIoENpAJFnyYFKTQU3HBGMpFyIVIzTZsppH+7894ukfVZzWc29qVcb50UzJXJIjsgJcckFaZBr0iQtIogiT+SZvDiPzqvz5rz/jC45xc4B+QPn4xtgZJOL</latexit>

0.5
<latexit sha1_base64="FVKUJ3ybYKfXwIcGlyLK69K6vp8=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUQ5CElVrS+bMIp54fu1qDIyifQQkWHaPkeCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmdx5QGxkGdzSN0PVhHMiRFECpdGvXzwbVml23c/BF4hSkxgo0B9Wv/jAUsY8BCQXG9Bw7IjcBTVIonFX6scEIxATG2EtpAD4aN8mjzvhRbIBCHqHmUvFcxN8bCfjGTH0vnfSB7s28l4n/eb2YRpduIoMoJgxEdoikwvyQEVqmHSAfSo1EkCVHLgMuQAMRaslBiFSM01IqaR/O/PeLpH1Sd+y6c3Naa5wXzZTZATtkx8xhF6zBrlmTtZhgY/bEntmL9Wi9Wm/W+89oySp29tkfWB/f93CRpA==</latexit><latexit sha1_base64="FVKUJ3ybYKfXwIcGlyLK69K6vp8=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUQ5CElVrS+bMIp54fu1qDIyifQQkWHaPkeCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmdx5QGxkGdzSN0PVhHMiRFECpdGvXzwbVml23c/BF4hSkxgo0B9Wv/jAUsY8BCQXG9Bw7IjcBTVIonFX6scEIxATG2EtpAD4aN8mjzvhRbIBCHqHmUvFcxN8bCfjGTH0vnfSB7s28l4n/eb2YRpduIoMoJgxEdoikwvyQEVqmHSAfSo1EkCVHLgMuQAMRaslBiFSM01IqaR/O/PeLpH1Sd+y6c3Naa5wXzZTZATtkx8xhF6zBrlmTtZhgY/bEntmL9Wi9Wm/W+89oySp29tkfWB/f93CRpA==</latexit><latexit sha1_base64="FVKUJ3ybYKfXwIcGlyLK69K6vp8=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUQ5CElVrS+bMIp54fu1qDIyifQQkWHaPkeCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmdx5QGxkGdzSN0PVhHMiRFECpdGvXzwbVml23c/BF4hSkxgo0B9Wv/jAUsY8BCQXG9Bw7IjcBTVIonFX6scEIxATG2EtpAD4aN8mjzvhRbIBCHqHmUvFcxN8bCfjGTH0vnfSB7s28l4n/eb2YRpduIoMoJgxEdoikwvyQEVqmHSAfSo1EkCVHLgMuQAMRaslBiFSM01IqaR/O/PeLpH1Sd+y6c3Naa5wXzZTZATtkx8xhF6zBrlmTtZhgY/bEntmL9Wi9Wm/W+89oySp29tkfWB/f93CRpA==</latexit><latexit sha1_base64="FVKUJ3ybYKfXwIcGlyLK69K6vp8=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUQ5CElVrS+bMIp54fu1qDIyifQQkWHaPkeCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmdx5QGxkGdzSN0PVhHMiRFECpdGvXzwbVml23c/BF4hSkxgo0B9Wv/jAUsY8BCQXG9Bw7IjcBTVIonFX6scEIxATG2EtpAD4aN8mjzvhRbIBCHqHmUvFcxN8bCfjGTH0vnfSB7s28l4n/eb2YRpduIoMoJgxEdoikwvyQEVqmHSAfSo1EkCVHLgMuQAMRaslBiFSM01IqaR/O/PeLpH1Sd+y6c3Naa5wXzZTZATtkx8xhF6zBrlmTtZhgY/bEntmL9Wi9Wm/W+89oySp29tkfWB/f93CRpA==</latexit>

1
<latexit sha1_base64="jc8P5svLFALU6Eg60gieuOMh5mk=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IljA76cQhsw9meoSw5Au86smbePWDPPgv7q45aGKdiqpuurqCRElDrvvplDY2t7Z3yruVvf2Dw6Pq8UnXxFYL7IhYxbofcINKRtghSQr7iUYeBgp7wew293uPqI2Mo3uaJ+iHfBrJiRScMqntjao1t+4WYOvEW5IaLNEaVb+G41jYECMSihsz8NyE/JRrkkLhojK0BhMuZnyKg4xGPETjp0XQBbuwhlPMEtRMKlaI+Hsj5aEx8zDIJkNOD2bVy8X/vIGlScNPZZRYwkjkh0gqLA4ZoWXWALKx1EjE8+TIZMQE15wItWRciEy0WSWVrA9v9ft10r2qe27da1/Xmo1lM2U4g3O4BA9uoAl30IIOCEB4gmd4cazz6rw57z+jJWe5cwp/4Hx8AxTekTA=</latexit><latexit sha1_base64="jc8P5svLFALU6Eg60gieuOMh5mk=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IljA76cQhsw9meoSw5Au86smbePWDPPgv7q45aGKdiqpuurqCRElDrvvplDY2t7Z3yruVvf2Dw6Pq8UnXxFYL7IhYxbofcINKRtghSQr7iUYeBgp7wew293uPqI2Mo3uaJ+iHfBrJiRScMqntjao1t+4WYOvEW5IaLNEaVb+G41jYECMSihsz8NyE/JRrkkLhojK0BhMuZnyKg4xGPETjp0XQBbuwhlPMEtRMKlaI+Hsj5aEx8zDIJkNOD2bVy8X/vIGlScNPZZRYwkjkh0gqLA4ZoWXWALKx1EjE8+TIZMQE15wItWRciEy0WSWVrA9v9ft10r2qe27da1/Xmo1lM2U4g3O4BA9uoAl30IIOCEB4gmd4cazz6rw57z+jJWe5cwp/4Hx8AxTekTA=</latexit><latexit sha1_base64="jc8P5svLFALU6Eg60gieuOMh5mk=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IljA76cQhsw9meoSw5Au86smbePWDPPgv7q45aGKdiqpuurqCRElDrvvplDY2t7Z3yruVvf2Dw6Pq8UnXxFYL7IhYxbofcINKRtghSQr7iUYeBgp7wew293uPqI2Mo3uaJ+iHfBrJiRScMqntjao1t+4WYOvEW5IaLNEaVb+G41jYECMSihsz8NyE/JRrkkLhojK0BhMuZnyKg4xGPETjp0XQBbuwhlPMEtRMKlaI+Hsj5aEx8zDIJkNOD2bVy8X/vIGlScNPZZRYwkjkh0gqLA4ZoWXWALKx1EjE8+TIZMQE15wItWRciEy0WSWVrA9v9ft10r2qe27da1/Xmo1lM2U4g3O4BA9uoAl30IIOCEB4gmd4cazz6rw57z+jJWe5cwp/4Hx8AxTekTA=</latexit><latexit sha1_base64="jc8P5svLFALU6Eg60gieuOMh5mk=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IljA76cQhsw9meoSw5Au86smbePWDPPgv7q45aGKdiqpuurqCRElDrvvplDY2t7Z3yruVvf2Dw6Pq8UnXxFYL7IhYxbofcINKRtghSQr7iUYeBgp7wew293uPqI2Mo3uaJ+iHfBrJiRScMqntjao1t+4WYOvEW5IaLNEaVb+G41jYECMSihsz8NyE/JRrkkLhojK0BhMuZnyKg4xGPETjp0XQBbuwhlPMEtRMKlaI+Hsj5aEx8zDIJkNOD2bVy8X/vIGlScNPZZRYwkjkh0gqLA4ZoWXWALKx1EjE8+TIZMQE15wItWRciEy0WSWVrA9v9ft10r2qe27da1/Xmo1lM2U4g3O4BA9uoAl30IIOCEB4gmd4cazz6rw57z+jJWe5cwp/4Hx8AxTekTA=</latexit>

tight fuzzball diffuse fuzzball

0
<latexit sha1_base64="CXIxEkrFIkk2+Lg8GnVd2amPfok=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJSJRB5SYkXryyaccj5bd2ukKMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYiUtue6nU1pb39jcKm9Xdnb39g+qh0cdGyVGYFtEKjK9ACwqqbFNkhT2YoMQBgq7wfQ287uPaKyM9D3NYvRDmGg5lgIolVrusFpz624Ovkq8gtRYgeaw+jUYRSIJUZNQYG3fc2Py52BICoWLyiCxGIOYwgT7KdUQovXnedAFP0ssUMRjNFwqnov4e2MOobWzMEgnQ6AHu+xl4n9eP6HxjT+XOk4ItcgOkVSYH7LCyLQB5CNpkAiy5Mil5gIMEKGRHIRIxSStpJL24S1/v0o6F3XPrXuty1rjqmimzE7YKTtnHrtmDXbHmqzNBEP2xJ7Zi5M4r86b8/4zWnKKnWP2B87HNxK1kS0=</latexit><latexit sha1_base64="CXIxEkrFIkk2+Lg8GnVd2amPfok=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJSJRB5SYkXryyaccj5bd2ukKMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYiUtue6nU1pb39jcKm9Xdnb39g+qh0cdGyVGYFtEKjK9ACwqqbFNkhT2YoMQBgq7wfQ287uPaKyM9D3NYvRDmGg5lgIolVrusFpz624Ovkq8gtRYgeaw+jUYRSIJUZNQYG3fc2Py52BICoWLyiCxGIOYwgT7KdUQovXnedAFP0ssUMRjNFwqnov4e2MOobWzMEgnQ6AHu+xl4n9eP6HxjT+XOk4ItcgOkVSYH7LCyLQB5CNpkAiy5Mil5gIMEKGRHIRIxSStpJL24S1/v0o6F3XPrXuty1rjqmimzE7YKTtnHrtmDXbHmqzNBEP2xJ7Zi5M4r86b8/4zWnKKnWP2B87HNxK1kS0=</latexit><latexit sha1_base64="CXIxEkrFIkk2+Lg8GnVd2amPfok=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJSJRB5SYkXryyaccj5bd2ukKMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYiUtue6nU1pb39jcKm9Xdnb39g+qh0cdGyVGYFtEKjK9ACwqqbFNkhT2YoMQBgq7wfQ287uPaKyM9D3NYvRDmGg5lgIolVrusFpz624Ovkq8gtRYgeaw+jUYRSIJUZNQYG3fc2Py52BICoWLyiCxGIOYwgT7KdUQovXnedAFP0ssUMRjNFwqnov4e2MOobWzMEgnQ6AHu+xl4n9eP6HxjT+XOk4ItcgOkVSYH7LCyLQB5CNpkAiy5Mil5gIMEKGRHIRIxSStpJL24S1/v0o6F3XPrXuty1rjqmimzE7YKTtnHrtmDXbHmqzNBEP2xJ7Zi5M4r86b8/4zWnKKnWP2B87HNxK1kS0=</latexit><latexit sha1_base64="CXIxEkrFIkk2+Lg8GnVd2amPfok=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJSJRB5SYkXryyaccj5bd2ukKMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYiUtue6nU1pb39jcKm9Xdnb39g+qh0cdGyVGYFtEKjK9ACwqqbFNkhT2YoMQBgq7wfQ287uPaKyM9D3NYvRDmGg5lgIolVrusFpz624Ovkq8gtRYgeaw+jUYRSIJUZNQYG3fc2Py52BICoWLyiCxGIOYwgT7KdUQovXnedAFP0ssUMRjNFwqnov4e2MOobWzMEgnQ6AHu+xl4n9eP6HxjT+XOk4ItcgOkVSYH7LCyLQB5CNpkAiy5Mil5gIMEKGRHIRIxSStpJL24S1/v0o6F3XPrXuty1rjqmimzE7YKTtnHrtmDXbHmqzNBEP2xJ7Zi5M4r86b8/4zWnKKnWP2B87HNxK1kS0=</latexit>

r0 = r+(1 + ✏)
<latexit sha1_base64="S++B0L5FL3fuH2P12b1ITM4jCBc=">AAACDHicbVDLSgNBEJyNrxhfq14EL4NBiATCroh6EQJePEYwD0jCMjvpxCGzs8NMrxBC/AS/wquevIlX/8GD/+JuzEGjdSqquumuCrUUFj3vw8ktLC4tr+RXC2vrG5tb7vZOw8aJ4VDnsYxNK2QWpFBQR4ESWtoAi0IJzXB4mfnNOzBWxOoGRxq6ERso0RecYSoF7p4JPHpBTVCmJZ+WaQe0FTJWR4Fb9CreFPQv8WekSGaoBe5npxfzJAKFXDJr276nsTtmBgWXMCl0Egua8SEbQDulikVgu+Npggk9TCzDmGowVEg6FeHnxphF1o6iMJ2MGN7aeS8T//PaCfbPu2OhdIKgeHYIhYTpIcuNSKsB2hMGEFn2OVChKGeGIYIRlHGeiknaVSHtw59P/5c0jiu+V/GvT4rV01kzebJPDkiJ+OSMVMkVqZE64eSePJIn8uw8OC/Oq/P2PZpzZju75Bec9y+RXJjx</latexit><latexit sha1_base64="S++B0L5FL3fuH2P12b1ITM4jCBc=">AAACDHicbVDLSgNBEJyNrxhfq14EL4NBiATCroh6EQJePEYwD0jCMjvpxCGzs8NMrxBC/AS/wquevIlX/8GD/+JuzEGjdSqquumuCrUUFj3vw8ktLC4tr+RXC2vrG5tb7vZOw8aJ4VDnsYxNK2QWpFBQR4ESWtoAi0IJzXB4mfnNOzBWxOoGRxq6ERso0RecYSoF7p4JPHpBTVCmJZ+WaQe0FTJWR4Fb9CreFPQv8WekSGaoBe5npxfzJAKFXDJr276nsTtmBgWXMCl0Egua8SEbQDulikVgu+Npggk9TCzDmGowVEg6FeHnxphF1o6iMJ2MGN7aeS8T//PaCfbPu2OhdIKgeHYIhYTpIcuNSKsB2hMGEFn2OVChKGeGIYIRlHGeiknaVSHtw59P/5c0jiu+V/GvT4rV01kzebJPDkiJ+OSMVMkVqZE64eSePJIn8uw8OC/Oq/P2PZpzZju75Bec9y+RXJjx</latexit><latexit sha1_base64="S++B0L5FL3fuH2P12b1ITM4jCBc=">AAACDHicbVDLSgNBEJyNrxhfq14EL4NBiATCroh6EQJePEYwD0jCMjvpxCGzs8NMrxBC/AS/wquevIlX/8GD/+JuzEGjdSqquumuCrUUFj3vw8ktLC4tr+RXC2vrG5tb7vZOw8aJ4VDnsYxNK2QWpFBQR4ESWtoAi0IJzXB4mfnNOzBWxOoGRxq6ERso0RecYSoF7p4JPHpBTVCmJZ+WaQe0FTJWR4Fb9CreFPQv8WekSGaoBe5npxfzJAKFXDJr276nsTtmBgWXMCl0Egua8SEbQDulikVgu+Npggk9TCzDmGowVEg6FeHnxphF1o6iMJ2MGN7aeS8T//PaCfbPu2OhdIKgeHYIhYTpIcuNSKsB2hMGEFn2OVChKGeGIYIRlHGeiknaVSHtw59P/5c0jiu+V/GvT4rV01kzebJPDkiJ+OSMVMkVqZE64eSePJIn8uw8OC/Oq/P2PZpzZju75Bec9y+RXJjx</latexit><latexit sha1_base64="S++B0L5FL3fuH2P12b1ITM4jCBc=">AAACDHicbVDLSgNBEJyNrxhfq14EL4NBiATCroh6EQJePEYwD0jCMjvpxCGzs8NMrxBC/AS/wquevIlX/8GD/+JuzEGjdSqquumuCrUUFj3vw8ktLC4tr+RXC2vrG5tb7vZOw8aJ4VDnsYxNK2QWpFBQR4ESWtoAi0IJzXB4mfnNOzBWxOoGRxq6ERso0RecYSoF7p4JPHpBTVCmJZ+WaQe0FTJWR4Fb9CreFPQv8WekSGaoBe5npxfzJAKFXDJr276nsTtmBgWXMCl0Egua8SEbQDulikVgu+Npggk9TCzDmGowVEg6FeHnxphF1o6iMJ2MGN7aeS8T//PaCfbPu2OhdIKgeHYIhYTpIcuNSKsB2hMGEFn2OVChKGeGIYIRlHGeiknaVSHtw59P/5c0jiu+V/GvT4rV01kzebJPDkiJ+OSMVMkVqZE64eSePJIn8uw8OC/Oq/P2PZpzZju75Bec9y+RXJjx</latexit>

We analyze a generic model which deviates from a black hole for its:

Photon 
sphere

Cardoso, Pani, Nat. Astron. 1: 586-591 (2017)

R
<latexit sha1_base64="DsWg+uqN25eod0H69nsWzj35PZ0=">AAAB/XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjIg8pAcK1pfNuGU80N3a6TIivgKWqjoEC3fQsG/YBsXkDDVaGZXOzt+rKQh2/60lpZXVtfWKxvVza3tnd3a3n7HRIkW2BaRinTPB4NKhtgmSQp7sUYIfIVdf3KV+90H1EZG4R1NY/QCGIdyJAVQJrn9AOhegEpvZ4Na3W7YBfgicUpSZyVag9pXfxiJJMCQhAJjXMeOyUtBkxQKZ9V+YjAGMYExuhkNIUDjpUXkGT9ODFDEY9RcKl6I+HsjhcCYaeBnk3lEM+/l4n+em9Do0ktlGCeEocgPkVRYHDJCy6wL5EOpkQjy5MhlyAVoIEItOQiRiUlWTjXrw5n/fpF0ThuO3XBuzurN87KZCjtkR+yEOeyCNdk1a7E2EyxiT+yZvViP1qv1Zr3/jC5Z5c4B+wPr4xtTnZXh</latexit><latexit sha1_base64="DsWg+uqN25eod0H69nsWzj35PZ0=">AAAB/XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjIg8pAcK1pfNuGU80N3a6TIivgKWqjoEC3fQsG/YBsXkDDVaGZXOzt+rKQh2/60lpZXVtfWKxvVza3tnd3a3n7HRIkW2BaRinTPB4NKhtgmSQp7sUYIfIVdf3KV+90H1EZG4R1NY/QCGIdyJAVQJrn9AOhegEpvZ4Na3W7YBfgicUpSZyVag9pXfxiJJMCQhAJjXMeOyUtBkxQKZ9V+YjAGMYExuhkNIUDjpUXkGT9ODFDEY9RcKl6I+HsjhcCYaeBnk3lEM+/l4n+em9Do0ktlGCeEocgPkVRYHDJCy6wL5EOpkQjy5MhlyAVoIEItOQiRiUlWTjXrw5n/fpF0ThuO3XBuzurN87KZCjtkR+yEOeyCNdk1a7E2EyxiT+yZvViP1qv1Zr3/jC5Z5c4B+wPr4xtTnZXh</latexit><latexit sha1_base64="DsWg+uqN25eod0H69nsWzj35PZ0=">AAAB/XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjIg8pAcK1pfNuGU80N3a6TIivgKWqjoEC3fQsG/YBsXkDDVaGZXOzt+rKQh2/60lpZXVtfWKxvVza3tnd3a3n7HRIkW2BaRinTPB4NKhtgmSQp7sUYIfIVdf3KV+90H1EZG4R1NY/QCGIdyJAVQJrn9AOhegEpvZ4Na3W7YBfgicUpSZyVag9pXfxiJJMCQhAJjXMeOyUtBkxQKZ9V+YjAGMYExuhkNIUDjpUXkGT9ODFDEY9RcKl6I+HsjhcCYaeBnk3lEM+/l4n+em9Do0ktlGCeEocgPkVRYHDJCy6wL5EOpkQjy5MhlyAVoIEItOQiRiUlWTjXrw5n/fpF0ThuO3XBuzurN87KZCjtkR+yEOeyCNdk1a7E2EyxiT+yZvViP1qv1Zr3/jC5Z5c4B+wPr4xtTnZXh</latexit><latexit sha1_base64="DsWg+uqN25eod0H69nsWzj35PZ0=">AAAB/XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjIg8pAcK1pfNuGU80N3a6TIivgKWqjoEC3fQsG/YBsXkDDVaGZXOzt+rKQh2/60lpZXVtfWKxvVza3tnd3a3n7HRIkW2BaRinTPB4NKhtgmSQp7sUYIfIVdf3KV+90H1EZG4R1NY/QCGIdyJAVQJrn9AOhegEpvZ4Na3W7YBfgicUpSZyVag9pXfxiJJMCQhAJjXMeOyUtBkxQKZ9V+YjAGMYExuhkNIUDjpUXkGT9ODFDEY9RcKl6I+HsjhcCYaeBnk3lEM+/l4n+em9Do0ktlGCeEocgPkVRYHDJCy6wL5EOpkQjy5MhlyAVoIEItOQiRiUlWTjXrw5n/fpF0ThuO3XBuzurN87KZCjtkR+yEOeyCNdk1a7E2EyxiT+yZvViP1qv1Zr3/jC5Z5c4B+wPr4xtTnZXh</latexit>
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A static observer outside the horizon can replace the interior of a perturbed 
BH by a perturbed fictitious membrane located at the horizon.

  

We generalize the membrane paradigm to any dark compact object 
with a Schwarzschild exterior.

Damour, PRD 18, 10 (1978); Price, Thorne, PRD 33, 4 (1986)

EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)

BH membrane paradigm

The membrane is a viscous fluid with shear viscosity    and bulk viscosity    
which are related to the reflectivity of the BH.

⌘
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Quasi-normal mode spectrum

Detweiler, Proc. R. Soc. Lond. A 352 (1977)

The quasi-normal modes are derived by perturbing the object with a 
gravitational perturbation:

Dark compact 
object

Black hole

We can distinguish dark compact objects from black holes through the quasi-
normal modes. 

Cardoso, Pani, LRR 22:4 (2019)

d2 

dz2
+ V (z) = 0
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Quasi-normal modes of dark compact objects

• The isospectrality of axial and polar modes of black holes is broken. 

• The measurement accuracy of the quasi-normal mode of GW150914 
agrees with a dark compact object with             .
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EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)

Totally absorbing object              :
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⌘ = ⌘BH
<latexit sha1_base64="v2Z1k4LmQgNhyzUaoza0kduoICw=">AAACC3icbVC7SgNREL3rM8ZX1MLC5mIQrMKuBLQRgjYpI5gHJCHM3kziJXcf3DsrhmU/wa+w1cpObP0IC//F3TWFJp5mDufMMDPHDZU0ZNuf1tLyyuraemGjuLm1vbNb2ttvmSDSApsiUIHuuGBQSR+bJElhJ9QInquw7U6uM799j9rIwL+laYh9D8a+HEkBlEqD0mEPCfglz8og7hE+UHxVT5JBqWxX7Bx8kTgzUmYzNAalr94wEJGHPgkFxnQdO6R+DJqkUJgUe5HBEMQExthNqQ8emn6cP5Dwk8gABTxEzaXiuYi/J2LwjJl6btrpAd2ZeS8T//O6EY0u+rH0w4jQF9kikgrzRUZomSaDfCg1EkF2OXLpcwEaiFBLDkKkYpRGVUzzcOa/XySts4pjV5ybarlWnSVTYEfsmJ0yh52zGquzBmsywRL2xJ7Zi/VovVpv1vtP65I1mzlgf2B9fANAIZqr</latexit><latexit sha1_base64="v2Z1k4LmQgNhyzUaoza0kduoICw=">AAACC3icbVC7SgNREL3rM8ZX1MLC5mIQrMKuBLQRgjYpI5gHJCHM3kziJXcf3DsrhmU/wa+w1cpObP0IC//F3TWFJp5mDufMMDPHDZU0ZNuf1tLyyuraemGjuLm1vbNb2ttvmSDSApsiUIHuuGBQSR+bJElhJ9QInquw7U6uM799j9rIwL+laYh9D8a+HEkBlEqD0mEPCfglz8og7hE+UHxVT5JBqWxX7Bx8kTgzUmYzNAalr94wEJGHPgkFxnQdO6R+DJqkUJgUe5HBEMQExthNqQ8emn6cP5Dwk8gABTxEzaXiuYi/J2LwjJl6btrpAd2ZeS8T//O6EY0u+rH0w4jQF9kikgrzRUZomSaDfCg1EkF2OXLpcwEaiFBLDkKkYpRGVUzzcOa/XySts4pjV5ybarlWnSVTYEfsmJ0yh52zGquzBmsywRL2xJ7Zi/VovVpv1vtP65I1mzlgf2B9fANAIZqr</latexit><latexit sha1_base64="v2Z1k4LmQgNhyzUaoza0kduoICw=">AAACC3icbVC7SgNREL3rM8ZX1MLC5mIQrMKuBLQRgjYpI5gHJCHM3kziJXcf3DsrhmU/wa+w1cpObP0IC//F3TWFJp5mDufMMDPHDZU0ZNuf1tLyyuraemGjuLm1vbNb2ttvmSDSApsiUIHuuGBQSR+bJElhJ9QInquw7U6uM799j9rIwL+laYh9D8a+HEkBlEqD0mEPCfglz8og7hE+UHxVT5JBqWxX7Bx8kTgzUmYzNAalr94wEJGHPgkFxnQdO6R+DJqkUJgUe5HBEMQExthNqQ8emn6cP5Dwk8gABTxEzaXiuYi/J2LwjJl6btrpAd2ZeS8T//O6EY0u+rH0w4jQF9kikgrzRUZomSaDfCg1EkF2OXLpcwEaiFBLDkKkYpRGVUzzcOa/XySts4pjV5ybarlWnSVTYEfsmJ0yh52zGquzBmsywRL2xJ7Zi/VovVpv1vtP65I1mzlgf2B9fANAIZqr</latexit><latexit sha1_base64="v2Z1k4LmQgNhyzUaoza0kduoICw=">AAACC3icbVC7SgNREL3rM8ZX1MLC5mIQrMKuBLQRgjYpI5gHJCHM3kziJXcf3DsrhmU/wa+w1cpObP0IC//F3TWFJp5mDufMMDPHDZU0ZNuf1tLyyuraemGjuLm1vbNb2ttvmSDSApsiUIHuuGBQSR+bJElhJ9QInquw7U6uM799j9rIwL+laYh9D8a+HEkBlEqD0mEPCfglz8og7hE+UHxVT5JBqWxX7Bx8kTgzUmYzNAalr94wEJGHPgkFxnQdO6R+DJqkUJgUe5HBEMQExthNqQ8emn6cP5Dwk8gABTxEzaXiuYi/J2LwjJl6btrpAd2ZeS8T//O6EY0u+rH0w4jQF9kikgrzRUZomSaDfCg1EkF2OXLpcwEaiFBLDkKkYpRGVUzzcOa/XySts4pjV5ybarlWnSVTYEfsmJ0yh52zGquzBmsywRL2xJ7Zi/VovVpv1vtP65I1mzlgf2B9fANAIZqr</latexit>



Ringdown of dark compact objects
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Ultracompact objects (          ):
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Compact objects (              ):

• Modified prompt ringdown 

• No echoes

✏ & 0.01
<latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit>

•  Echoes

due to excitation of photon sphere
•  Same prompt ringdown

due to trapped modes

⌧echo/M ⇠ | log ✏|
<latexit sha1_base64="T/v7/mT4ukCH8+SLO8o8eIauW3A=">AAACHXicbVDLSgNBEJz1GeNr1aOXwSDoJe6KoEfBixchgolCNoTeSScOzs4sM72ibPINfoJf4VVP3sSrePBf3MQcfNWpqOqmuypOlXQUBO/exOTU9Mxsaa48v7C4tOyvrDacyazAujDK2IsYHCqpsU6SFF6kFiGJFZ7HV0dD//warZNGn9Ftiq0Eelp2pQAqpLa/HRFk7TwivKEcxaUZDHZOeORkwvuRMj0eYeqkMrrf9itBNRiB/yXhmFTYGLW2/xF1jMgS1CQUONcMg5RaOViSQuGgHGUOUxBX0MNmQTUk6Fr5KNKAb2YOyPAULZeKj0T8vpFD4txtEheTCdCl++0Nxf+8Zkbdg1YudZoRajE8RFLh6JATVhZdIe9Ii0Qw/By51FyABSK0koMQhZgV5ZWLPsLf6f+Sxm41DKrh6V7lMBg3U2LrbINtsZDts0N2zGqszgS7Yw/skT15996z9+K9fo1OeOOdNfYD3tsnemKi2g==</latexit><latexit sha1_base64="T/v7/mT4ukCH8+SLO8o8eIauW3A=">AAACHXicbVDLSgNBEJz1GeNr1aOXwSDoJe6KoEfBixchgolCNoTeSScOzs4sM72ibPINfoJf4VVP3sSrePBf3MQcfNWpqOqmuypOlXQUBO/exOTU9Mxsaa48v7C4tOyvrDacyazAujDK2IsYHCqpsU6SFF6kFiGJFZ7HV0dD//warZNGn9Ftiq0Eelp2pQAqpLa/HRFk7TwivKEcxaUZDHZOeORkwvuRMj0eYeqkMrrf9itBNRiB/yXhmFTYGLW2/xF1jMgS1CQUONcMg5RaOViSQuGgHGUOUxBX0MNmQTUk6Fr5KNKAb2YOyPAULZeKj0T8vpFD4txtEheTCdCl++0Nxf+8Zkbdg1YudZoRajE8RFLh6JATVhZdIe9Ii0Qw/By51FyABSK0koMQhZgV5ZWLPsLf6f+Sxm41DKrh6V7lMBg3U2LrbINtsZDts0N2zGqszgS7Yw/skT15996z9+K9fo1OeOOdNfYD3tsnemKi2g==</latexit><latexit sha1_base64="T/v7/mT4ukCH8+SLO8o8eIauW3A=">AAACHXicbVDLSgNBEJz1GeNr1aOXwSDoJe6KoEfBixchgolCNoTeSScOzs4sM72ibPINfoJf4VVP3sSrePBf3MQcfNWpqOqmuypOlXQUBO/exOTU9Mxsaa48v7C4tOyvrDacyazAujDK2IsYHCqpsU6SFF6kFiGJFZ7HV0dD//warZNGn9Ftiq0Eelp2pQAqpLa/HRFk7TwivKEcxaUZDHZOeORkwvuRMj0eYeqkMrrf9itBNRiB/yXhmFTYGLW2/xF1jMgS1CQUONcMg5RaOViSQuGgHGUOUxBX0MNmQTUk6Fr5KNKAb2YOyPAULZeKj0T8vpFD4txtEheTCdCl++0Nxf+8Zkbdg1YudZoRajE8RFLh6JATVhZdIe9Ii0Qw/By51FyABSK0koMQhZgV5ZWLPsLf6f+Sxm41DKrh6V7lMBg3U2LrbINtsZDts0N2zGqszgS7Yw/skT15996z9+K9fo1OeOOdNfYD3tsnemKi2g==</latexit><latexit sha1_base64="T/v7/mT4ukCH8+SLO8o8eIauW3A=">AAACHXicbVDLSgNBEJz1GeNr1aOXwSDoJe6KoEfBixchgolCNoTeSScOzs4sM72ibPINfoJf4VVP3sSrePBf3MQcfNWpqOqmuypOlXQUBO/exOTU9Mxsaa48v7C4tOyvrDacyazAujDK2IsYHCqpsU6SFF6kFiGJFZ7HV0dD//warZNGn9Ftiq0Eelp2pQAqpLa/HRFk7TwivKEcxaUZDHZOeORkwvuRMj0eYeqkMrrf9itBNRiB/yXhmFTYGLW2/xF1jMgS1CQUONcMg5RaOViSQuGgHGUOUxBX0MNmQTUk6Fr5KNKAb2YOyPAULZeKj0T8vpFD4txtEheTCdCl++0Nxf+8Zkbdg1YudZoRajE8RFLh6JATVhZdIe9Ii0Qw/By51FyABSK0koMQhZgV5ZWLPsLf6f+Sxm41DKrh6V7lMBg3U2LrbINtsZDts0N2zGqszgS7Yw/skT15996z9+K9fo1OeOOdNfYD3tsnemKi2g==</latexit>

EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)

✏ ⌧ 1
<latexit sha1_base64="WSyhcTcumT0olhLV3k10tvfnc5E=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CHFJjpfNuGU8/l0t0aKrDR8BS1UdIiWP6HgX7CNC0iYajSzq52dUEth0XU/naXlldW19cpGdXNre2e3trffsXFiOLR5LGPTC5kFKRS0UaCEnjbAolBCN5xc5X73AYwVsbrFqYYgYmMlRoIzzKQ7H7QVMlbUl5J6g1rdbbgF6CLxSlInJVqD2pc/jHkSgUIumbV9z9UYpMyg4BJmVT+xoBmfsDH0M6pYBDZIi9QzepxYhjHVYKiQtBDh90bKImunUZhNRgzv7byXi/95/QRHl0EqlE4QFM8PoZBQHLLciKwOoENhAJHlyYEKRTkzDBGMoIzzTEyyfqpZH97894ukc9rw3IZ3c1ZvnpfNVMghOSInxCMXpEmuSYu0CSeGPJFn8uI8Oq/Om/P+M7rklDsH5A+cj2+QEJZ6</latexit><latexit sha1_base64="WSyhcTcumT0olhLV3k10tvfnc5E=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CHFJjpfNuGU8/l0t0aKrDR8BS1UdIiWP6HgX7CNC0iYajSzq52dUEth0XU/naXlldW19cpGdXNre2e3trffsXFiOLR5LGPTC5kFKRS0UaCEnjbAolBCN5xc5X73AYwVsbrFqYYgYmMlRoIzzKQ7H7QVMlbUl5J6g1rdbbgF6CLxSlInJVqD2pc/jHkSgUIumbV9z9UYpMyg4BJmVT+xoBmfsDH0M6pYBDZIi9QzepxYhjHVYKiQtBDh90bKImunUZhNRgzv7byXi/95/QRHl0EqlE4QFM8PoZBQHLLciKwOoENhAJHlyYEKRTkzDBGMoIzzTEyyfqpZH97894ukc9rw3IZ3c1ZvnpfNVMghOSInxCMXpEmuSYu0CSeGPJFn8uI8Oq/Om/P+M7rklDsH5A+cj2+QEJZ6</latexit><latexit sha1_base64="WSyhcTcumT0olhLV3k10tvfnc5E=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CHFJjpfNuGU8/l0t0aKrDR8BS1UdIiWP6HgX7CNC0iYajSzq52dUEth0XU/naXlldW19cpGdXNre2e3trffsXFiOLR5LGPTC5kFKRS0UaCEnjbAolBCN5xc5X73AYwVsbrFqYYgYmMlRoIzzKQ7H7QVMlbUl5J6g1rdbbgF6CLxSlInJVqD2pc/jHkSgUIumbV9z9UYpMyg4BJmVT+xoBmfsDH0M6pYBDZIi9QzepxYhjHVYKiQtBDh90bKImunUZhNRgzv7byXi/95/QRHl0EqlE4QFM8PoZBQHLLciKwOoENhAJHlyYEKRTkzDBGMoIzzTEyyfqpZH97894ukc9rw3IZ3c1ZvnpfNVMghOSInxCMXpEmuSYu0CSeGPJFn8uI8Oq/Om/P+M7rklDsH5A+cj2+QEJZ6</latexit><latexit sha1_base64="WSyhcTcumT0olhLV3k10tvfnc5E=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CHFJjpfNuGU8/l0t0aKrDR8BS1UdIiWP6HgX7CNC0iYajSzq52dUEth0XU/naXlldW19cpGdXNre2e3trffsXFiOLR5LGPTC5kFKRS0UaCEnjbAolBCN5xc5X73AYwVsbrFqYYgYmMlRoIzzKQ7H7QVMlbUl5J6g1rdbbgF6CLxSlInJVqD2pc/jHkSgUIumbV9z9UYpMyg4BJmVT+xoBmfsDH0M6pYBDZIi9QzepxYhjHVYKiQtBDh90bKImunUZhNRgzv7byXi/95/QRHl0EqlE4QFM8PoZBQHLLciKwOoENhAJHlyYEKRTkzDBGMoIzzTEyyfqpZH97894ukc9rw3IZ3c1ZvnpfNVMghOSInxCMXpEmuSYu0CSeGPJFn8uI8Oq/Om/P+M7rklDsH5A+cj2+QEJZ6</latexit>

✏ & 0.01
<latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit>



Detectability of dark compact objects
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• A tentative evidence for echoes in LIGO/Virgo data has been reported
Abedi+, PRD 96, 082004 (2017); Conklin, Holdom, PRD 98, 044021 (2018); Abedi, Afshordi, JCAP 11, 010 (2019)

• Independent searches argued that the statistical significance of echoes 
is consistent with noise

Westerweck+, PRD 97, 124037 (2018); Nielsen+, PRD 99, 104012 (2019); Uchikata+, PRD 100, 062006 (2019); Lo+, PRD 99, 
084052 (2019); Tsang+, PRD 101, 064012 (2020)

• No evidence for echoes in Ligo/Virgo O3a

Abbott+, arXiv:2010.14529 (2020)



Constraints on the compactness
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EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)

Current measurement accuracies impose that the compactness of the remnant 
cannot be smaller than 99% that of a black hole.



Constraints on the reflectivity
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• Perfectly reflecting models are ruled out since the energy emitted in the  
echoes would be larger than the energy emitted in the ringdown. 

• Third generation detectors will be able to probe values of the reflectivity 
close to the BH one.

EM, Testa, Bhagwat, Pani, PRD 100, 064056 (2019)Testa, Pani, PRD 98, 044018 (2018)
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Conclusions and future prospects

• We can understand the nature of compact objects and look for new 
physics at the horizon scale through gravitational waves. 

• Horizonless alternatives to black holes are not excluded by current 
GW measurements. 

• We derived the ringdown and the echo signal for dark compact 
objects. 

• Future observations will allow to perform tests of the black hole 
paradigm.

Elisa Maggio - How does a dark compact object ringdown?                7th KAGRA International Workshop 16/16


